The fatty liver associated with alcoholism has been shown to be due not only to nutritional deficiencies (2) but also to direct effects of ethanol itself (3, 4) . The origin of the fatty acids accumulating in the liver, however, remains the subject of much debate (4) (5) (6) (7) . Administration of a single large dose of ethanol to rats was found to result in the deposition in the liver of fatty acids similar in composition to adipose tissue, leading to the concept that increased peripheral fat mobilization is responsible for the alcoholic fatty liver (8) . On the other hand, studies of the effect of ethanol on free fatty acid (FFA) concentrations (9, 10), arteriovenous differences across extremities (9) , and FFA turnover (11) have indicated either no effect or even a decrease in peripheral fat mobilization. To resolve these differences, we undertook the present study in which direct comparison was made of the fatty acid compositions of liver and adipose tissue lipids after acute or prolonged ethanol intake with lowfat or fat-containing diets. It was confirmed that, in rats, the administration of a single large dose of ethanol leads to hepatic accumulation of fatty acids resembling those of adipose tissue. In contrast, prolonged ethanol ingestion produced fatty livers with fatty acid compositions strikingly different from adipose tissue, consisting of endogenously synthesized fatty acids and, when available, dietary fatty acids. Elimination of the dietary fatty acids with isocaloric replacement by sucrose was found to reduce the amount of fat accumulation in the liver on prolonged alcohol ingestion. Methods A) Diets and procedure Sprague-Dawley CD male or female rats were purchased in groups of six weanling littermates.1 They were fed Purina laboratory chow and tap water ad libitum until the period of study, when they were housed in individual bottom-wired cages. The Purina chow used had a caloric value of about 340 calories per 100 g, as calculated from the data of the manufacturer; its total lipid content was 6%, with 30% of fatty acids as linoleate (18: 2) as determined in our laboratory. At the end of the experiment, the rats were sacrificed by decapitation, blood was collected from the neck vessels in heparinized tubes, and plasma was obtained by immediate centrifugation in the cold. The various organs were quickly excised and the tissues stored at -180 C until analysis.
Administration of a single large dose of ethanol. Seven pairs of male rats and five pairs of female rats weighing 150 to 250 g were fasted for 8 hours and then given by gastric tube 7.5 g per kg ethanol in a 50% solution in water or isocaloric amounts of glucose and sacrificed 16 hours thereafter.
Prolonged ethanol intake with low-fat and fat-containing diets. Forty-four male rats weighing approximately 100 to 150 g were fed for 24 days in groups of four littermates with isocaloric amounts of liquid diets as the only sources of food or water. The technique of pair-feeding and the composition of the diets were as described before (3) , except for the oil mixture, which consisted, in the fat-containing diets (43% of total calo-1 Charles River Breeding Laboratories, North Wilmington, Mass. Metabolism of dietary lipids. Eighteen pairs of rats (150 to 250 g) that had been maintained on Purina chow were given, after an overnight fast, 60 ml per kg of the coconut liquid diet (either ethanol or control), supplemented with 0.5 ,uc per ml of tritiated palmitate,2 by gastric tube. The animals were sacrificed after various periods of time; the gastrointestinal tract (from cardia to rectum) and the liver were excised for determination of total lipid labeling.
Chylomicrons-"'C were obtained in rats fed coconut diet supplemented with 10 ,tc per ml "4C-labeled palmitate,3
initially by the technique of Green and Webb (14) without the use of heparin, and subsequently, to minimize alteration of chylomicrons, by thoracic duct cannulation by a modification of the technique of Bollman, Cain, and Grindlay (15) and collection of lymph at room temperature. The lymph was allowed to clot, the supernatant was added to rat serum diluted with saline (1: 1), and the chylomicrons were isolated in the top fraction after ultracentrifugation in a Spinco ultracentrifuge for 20 minutes at 87,000 g at room temperature (16) . In all instances, more than 90% of the labeling was in the triglycerides. Five-tenths to one ml of the chylomicron-"Ccontaining supernatant fraction was injected in a tail vein in 17 pairs of rats 2 to 3 hours after intubation with the coconut liquid diet. The injected chylomicrons represented a triglyceride load of approximately 4 mg when obtained by the method of Green and Webb (14) and from 4 to 10 mg when obtained by thoracic duct cannulation. The rats were sacrificed either 10 minutes or 3 hours after chylomicron injection. In six pairs of rats, the chylomicrons-14C were injected into a femoral vein under light ether anesthesia, and blood was collected from the tail veins repeatedly during the 10 to 15 minutes after the injection.
B) Chemical assays
Extraction. Lipid extraction of homogenized liver, gut including luminal contents, and whole blood or plasma was carried out by the method of Folch, Lees, and Sloane Stanley (17) . The extract utilized for plasma free fatty acids was obtained by the method of Dole (18) . Adipose tissue was minced in ethanol: diethyl ether (3: 1), which was evaporated in a nitrogen atmosphere and the residue dissolved in petroleum ether, bp 30 to 600 C.
Total lipids. Total lipids were determined gravimetrically after evaporation of the solvent under nitrogen and drying in a dessicator until constant weight of the dried lipid was achieved.
Liver triglyceride. The extract of liver lipid was evaporated and quantitatively transferred to a 2-g silicic acid4 column in ethyl ether. Triglyceride without phospholipid was completely eluted with 30 ml of diethyl 2 Purchased from New England Nuclear Corporation, Boston, Mass., as palmitic-9, 10-'H acid, specific activity 315 mc per mmole. 3 Purchased from New England Nuclear Corporation as palmitic-1-"C acid, specific activity 23.5 mc per mmole.
4Bio-Rad Laboratories, Richmond, Calif.
ether (EE). This eluate was evaporated and glycerol determined by the method of Van Handel and Zilversmit (19) .
Preparation of material for gas-liquid chromatographic (GLC) analyses. 1) Liver triglyceride. Triglyceride was isolated from the liver lipid extract for GLC by thin-layer chromatography. Phospholipid was first removed by column chromatography as described above. The EE eluate containing about 15 mg of lipid was applied in multiple applications to a 0.5-mm silicic acid chromatoplate that had been prerun with methanol: EE, 1:1. The plate was developed in heptane: EE: acetic acid, 60: 39:1, and the triglyceride area eluted by the method of Goldrick and Hirsch (20) . Hydrolysis was carried out in 0.1 N KOH in 70%o ethanol at 600 C for 30 minutes. After acidification, the fatty acids were extracted into petroleum ether, which was evaporated; methylation was carried out with boron trifluoride methanol (21) .
2) Adipose tissue lipids. The extract of adipose tissue was evaporated, and hydrolysis and methylation were carried out as above.
3) Free fatty acids. FFA were isolated from the extract of plasma by a two-column procedure. An internal standard of pentadecanoic acid (15: 0)5 was added to the extract of 0.5 to 2.0 ml of plasma, which was then evaporated under nitrogen and applied with 2 ml of EE to a 2-g silicic acid column. Thirty ml of EE quantitatively eluted fatty acid and neutral lipid. This eluate was evaporated under nitrogen and in a small volume reapplied to a 2-g Florisil 6 column, which was prerun with 50 ml methanol: acetic acid (99: 1) and then 100 ml EE. Neutral lipids were removed with 30 ml EE and FFA in a second elution of 30 ml acetic acid: EE (1: 99). The latter was evaporated under nitrogen, and the methyl esters were prepared. The Statistical analyses. In all experiments, each result was compared to the corresponding control, and the mean of the individual differences was tested by the Student t test (23) .
Results
Effect of a single large dose of ethanol on hepatic lipids. Sixteen hours after the administration of a single large dose of ethanol, five female rats had an average total hepatic lipid of 81.0 ± 3.3 mg per g, compared to 46.8 + 1.4 mg per g in the control littermates given isocaloric amounts of glucose (p < 0.001). In the seven male rats given ethanol, total hepatic lipid accumulation was much smaller: 55.3 + 2.1 mg per g versus 45.0 + 0.8 mg per g in the glucose controls (p < 0.01). In the six rats in which fatty acid compositions of liver triglycerides, adipose tissue lipids, and FFA were determined, they were found to be generally similar (Table II) .
Effect of prolonged intake of ethanol weith lowfat (2% of calories) and fat-containing (43% of calories) diets. As indicated in Figure 1 , there was a significant increase of hepatic lipids on prolonged intake of ethanol with low-fat as well as with fat-containing diets. The increase in total hepatic lipids was due primarily to a rise in triglycerides. Hepatic lipid accumulation was significantly greater with the same amount of ethanol and the 43% fat-containing diets than with isocaloric amounts of the 2%o low-fat diets ( Figure  1 ). Compared to the controls, the rise in total hepatic lipids produced by ethanol was 2.6-fold with the 43% fat diet but only 1.5-fold with the 2% fat diet (p < 0.01); the corresponding changes in triglycerides were 6.3-and 2.6-fold, respectively (p < 0.05). The hepatic lipids of the sucrose control rats were higher with low-fat than with fat-containing diets (Figure 1, In the four pairs in which the most pronounced fatty livers were obtained on low-fat ethanol diets, fatty acid compositions of liver triglycerides and adipose lipids were determined (Figure 2) . In all instances there was a difference between adipose and liver triglyceride contents of linoleate (18: 2) and palmitate (16: 0) with, on the average, 50%o more palmitate in liver triglyceride, whereas its linoleate concentration was one-fifth that of adipose tissue. The linoleate (18: 2) content of FFA was also higher than in the liver, and approximated that of adipose tissue. The linoleate (18: 2) content of adipose tissue was lower in the chronic than in the acute experiments ( Figure 2 and Table II) , which most likely reflects the fact that the linoleate (18: 2) content of the low-fat liquid diet was about one-third that of the Purina chow fed before the acute experiments.
To determine the origin of the fatty acids of liver triglyceride in rats fed ethanol with fat-containing diets, and to differentiate dietary from adi- pose fatty acids, we studied another group of rats. Fatty acid composition of liver triglyceride and adipose tissue lipids was determined in rats whose adipose tissue had been prelabeled by feeding one of two characteristic oils (coconut or linseed) followed by the administration of ethanol and ingestion of the other oil as described in Methods. As illustrated in Figure 3 , ethanol ingestion resulted in a threefold increase of hepatic triglycerides. The fatty acid composition of the liver triglycerides accumulated on alcohol ingestion was strikingly different from adipose tissue with, on the average, a concentration of the prelabeling fatty acids one-sixth that of adipose tissue, whereas the concentration of the characteristic fatty acids fed with the ethanol was at least twice as high in liver triglycerides as in adipose tissue. These findings were observed regardless of the order in which oils were administered. In two rats, fatty acid composition of plasma FFA was determined and found to resemble the diet. Effect of ethanol on the metabolism of dietary lipids and chyloinicrons. a) Dietary lipids. As indicated in Table III , in 15 out of 18 pairs of rats given a single feeding of liquid diets with palmitate-3H, more labeling was found in the liver lipids of rats given ethanol than in pair-fed sucrose Webb (14) . In all other experiments, the chylomicrons were control rats (p < 0.01). No significant difference was found, however, in the amount of total lipid labeling remaining in the gut wall and lumen (on the average, 11,500 x 103 dpm in the ethanol group and 13,700 x 103 dpm in the controls; mean difference 2,200 ± 1,300 x 103 dpm, p > 0.1). This suggested that the increase in liver labeling may not have resulted from a primary effect of ethanol on lipid absorption; a small difference in absorption, however, could have been masked by the large variation of the lipid labeling remaining in the gut. b) Chylomicrons. The increase in liver lipid labeling of alcohol-fed rats after gastric intubation of labeled lipid was confirmed by a similar increase 3 hours after iv injection of chylomicron-14C (Table IV). In the five pairs of these rats in which plasma triglyceride was measured, its concentration and specific activity were not found to be significantly affected by ethanol (Table IV) .
In contrast to the liver lipid labeling 3 hours after the chylomicron injection, labeling of total hepatic lipids 10 minutes after iv chylomicron administration was not significantly affected by ethanol; the mean values were 40,011 dpm per g with ethanol and 37,921 dpm per g in the controls (nine pairs of rats, p > 0.5). This suggested that the hepatic clearing from the blood of chylomicrons or chylomicron breakdown products was not altered by ethanol, a finding supported by studies of disappearance rate of intravenously injected chylomicrons, which was found to be unaffected (Figure 4) . Discussion Theoretically, fatty acids that accumulate in hepatic triglycerides can originate primarily from three major sources: the diet, the adipose tissue stores, and fatty acids synthesized in the liver itself. Our observations indicate that, depending upon the experimental conditions of alcohol administration, each of these three sources plays a major role.
After a single large dose of alcohol, hepatic triglycerides increased and their fatty acids resembled those of adipose tissue (Table II) , confirming the work of others (8, 24) . The pathogenesis of this type of fatty liver, however, remains the subject of debate, the concept of enhanced peripheral (8) being opposed by data that support the possibility of a decrease in the hepatic metabolism of fatty acids mobilized from adipose tissue at a normal rate (25) . Our study underscores several differences in hepatic lipids between the administration of a single large dose of ethanol or glucose (Table II) and prolonged intake (Figure 1) . After a single dose of ethanol, steatosis was generally moderate compared to that of prolonged intake, especially in male rats. There was also a difference in hepatic lipids among the various control groups, with the lowest values in the acute experiments; these low values, which are within the range of those obtained by others under similar experimental conditions (24) , may be related to the fasting of the rats before the experiment. It has indeed been shown that hepatic triglycerides of fasting rats are lower than those of fed rats (26) . Among the control rats of the chronic experiments, the highest hepatic lipid values were observed in the low-fat group (Figure 1) , which is possibly related to the high carbohydrate content of the low-fat diet, as diets rich in carbohydrate have been reported to increase hepatic lipids (27) . After prolonged ethanol intake, in contrast to the effect of a large single dose of ethanol, the composition of the fat accumulated in the liver was strikingly different from that of adipose tissue (Figures 2  and 3 ). Prolonged ethanol intake when given with fat-containing diets was found to result in the hepatic accumulation of fatty acids resembling, in part, dietary lipids ( Figure 3 ). To explain this finding, several possible mechanisms were investigated. Increased lipid absorption could not be implicated, and hepatic chylomicron uptake was also found to be unaffected by ethanol as measured by hepatic lipid labeling 10 minutes after intravenous chylomicron injection. In contrast, greater hepatic lipid labeling was found both 3 hours after intravenous chylomicron-14C injection and 2 to 6 hours after oral palmitate-3H administration, suggesting that ethanol in some way interferes with the hepatic metabolism of lipids (Tables III and  IV) . Whether under normal circumstances the liver metabolizes circulating chylomicrons per se or whether these are first hydrolyzed in the vascular space or in peripheral tissues is the subject of some controversy (28) (29) (30) . Consistent with the latter possibility is our observation of a similarity between circulating free fatty acids and dietary fatty acids in rats given oil-containing diets.
The biochemical step and the mechanism through which ethanol interferes with the metabolism of lipids in the liver have not been elucidated in the present study. Decreased release of lipoproteins from the liver has been proposed as a mechanism for the fatty liver produced on carbon tetrachloride intoxication (31) , and on the the basis of data obtained in vitro with perfusion of livers and large amounts of alcohol it has also been suggested that this may play a role in the pathogenesis of the alcoholic fatty liver (32) . It has been shown, however, that both in man (3, 10, 33, 34) and in rats (35) large doses of alcohol produce an increase of circulating blood lipids, at least during the initial period of intoxication, lasting up to 2 weeks (33, 34) . The triglyceride rise coincided with the development of the fatty liver (33) . These observations, as well as those obtained with more moderate amounts of alcohol, which lead to fatty liver production in man without fall of plasma triglycerides (3) , and the present data, which show no decrease of plasma triglyceride concentration or specific activity after chylomicrons-14C injection (Table IV) , suggest indirectly that decreased hepatic release of lipoproteins does not play a primary role in the pathogenesis of the fatty liver produced by the prolonged ingestion of alcohol. Our previous observation (36) , confirmed by others (37) , that ethanol decreases the hepatic 14CO2 production from palmitate-14C, brings up another hypothesis for the pathogenesis of the alcoholic fatty liver, namely, decreased hepatic lipid oxidation. The reduction by ethanol of 14CO2 production from palmitate-14C was paralleled by a similar decrease in 14CO2 evolved from acetate-14C (36) , which suggests that the decrease in fatty acid oxidation may result from decreased citric acid cycle activity. Such a mechanism would offer a satisfactory explanation for the hepatic accumulation of fatty acids resembling dietary lipids, whether these fatty acids derive directly from chylomicrons cleared by the liver itself or whether they originate from chylomicrons hydrolyzed in peripheral tissues.
That dietary fat represents an important source for the fatty acids of the alcoholic fatty liver is indicated not only by the nature of the fatty acids accumulating in the liver (Figure 3 ), but also by the fact that littermates given the same amount of alcohol developed less steatosis when most of the fat in the diet had been replaced isocalorically by sucrose (Figure 1) . Similar results were obtained in human volunteers given ethanol with either lowfat or fat-containing diets (38) .
On prolonged intake of ethanol and low-fat diets, the fatty acids accumulating in hepatic triglycerides were also different from adipose tissue fatty acids, with 50% more palmitate, but a linoleate concentration only one-fifth that of adipose tissue (Figure 2) . The difference in linoleate content is especially significant, as linoleate cannot be synthesized by mammalian tissues and therefore represents an excellent depot fatty acid marker.
Despite the difference in composition between liver and adipose tissue fatty acids, liver fatty acids could possibly have derived from adipose tissue through a process of selective FFA mobilization, for instance, from an active but small adipose tissue subcompartment. This is unlikely, however, in the case of the fatty liver produced by prolonged intake of alcohol and fat-free diets, since fatty acids of liver triglycerides differed not only from adipose fatty acids but also from circulating FFA. The latter had a linoleate content more closely resembling total adipose tissue stores than liver triglycerides ( Figure 2 ). Theoretically, a difference in the rate of hepatic metabolism of the various fatty acids could also lead to a difference in composition between liver and adipose tissue, though the fatty acid may originate from the depots. That such a factor, however, plays only a minor role is suggested by the fact that when fatty liver is produced through enhanced peripheral fat mobilization, after epinephrine for instance, fatty acids accumulating in the liver do indeed resemble adipose tissue (39) . Barring the unlikely possibility that ethanol enhances selectively the oxidation of linoleate in the liver, the fact that the linoleate content of the fatty liver produced by ethanol and low-fat diets was one-fifth that of adipose tissue suggests that a large component of the fatty acids originated in the liver itself rather than from adipose stores. This underlines the role of hepatic lipogenesis as the source for the fatty acids in the fatty liver produced by prolonged intake of alcohol and low-fat diets. These fatty acids could accumulate locally because of decreased fatty acid oxidation (36, 37), enhanced fatty acid (36) and triglyceride (24, 35) synthesis, or a combination of these mechanisms.
Summary
In rats, one large dose of ethanol (7.5 g per kg) produced moderate hepatic accumulation of fatty acids resembling those of adipose tissue; in contrast, after prolonged ethanol intake, fatty liver was more pronounced and had a fatty acid composition different from depot fats.
Rats given 24 days of ethanol with low-fat diets Despite the same ethanol intake, significantly less steatosis developed in rats given isocaloric diets containing carbohydrate instead of fat. After 24 days, the rise in total hepatic lipids was 1.5-fold on the 2% fat diet compared to 2.6-fold on the 43% fat diet; corresponding triglyceride changes were 2.6-and 6.3-fold respectively.
Whereas ethanol had no apparent effect on intestinal palmitate-14C absorption or uptake by the liver of chylomicron-14C administered intravenously, hepatic lipid labeling was enhanced 2 to 6 hours after palmitate-14C intubation or 3 hours after chylomicron-'4C injection.
These studies indicate that the source and the magnitude of the fatty acids accumulating in hepatic triglycerides after alcohol administration de- pend on the dose and duration of alcohol intake as well as the fat content of the associated diet.
